Today, much of the current effort in combustion noise is the development of efficient numerical tools to calculate the noise radiated by flames. Although unsteady CFD methods such as LES or DNS can directly provide the acoustic field radiated by noise sources, this evaluation is limited to small domains due to high computational costs. Hybrid methods have been developed to overcome this limitation. In these schemes, the noise sources are decoupled from the radiated sound. The sources are still calculated by DNS or LES codes whereas the radiated sound is evaluated by acoustic codes using an acoustic analogy.
Introduction
Today Large Eddy Simulation (LES) has become an important tool for the simulation and post-processing analysis of turbulent flows. It offers the best promise in the foreseeable future for the estimation of noise from flows at Reynolds Numbers of interest in both open and closed systems. In aeroacoustics, LES plays an important role in the study of aerodynamical generated noise of numerous practical cases that range from air jets, high-lift devices or landing gears in an aircraft to the rear-view mirror of a car or the blades of a wind turbine [1, 2] . On the contrary, thermoacoustics is less understood than aeroacoustics. This is caused by additional physical phenomena implied such as the addition of unsteady heat release to the turbulent flow. Yet, LES has been successfully applied to partially premixed and non-premixed open flames [3, 4, 5] as well as to more complex cases such as gas turbine combustors. [6] Computational techniques for the estimation of sound can be classified into two broad categories: direct computations and indirect, or hybrid, computations. LES is present in both categories. Direct computations resolve the flow field together with the sound radiation. A compressible LES code is therefore required in addition to high-resolution numerical schemes in order to minimize both dispersion and dissipation. Moreover, the computational domain must be large enough to include the sources of noise as well as part of the acoustic near field [7] . Very expensive computational costs can arise since hydrodynamic and acoustic scales differ by a large amount in typical applications where the Mach number is moderate. This is even more severe when dealing with thermoacoustics since the transport equation of each species must be considered in order to solve the problem of compressible multicomponent reactive flows.
In hybrid approaches, the computation of sound is made in two different steps. The sources of noise are modeled first, which requires a proper estimation of the flow and the flame dynamic properties. These sources are assumed independent of any acoustic quantity. The far field acoustic radiation is then predicted from the different noise sources. Acoustic propagation is calculated based on equations relevant to acoustic phenomena. The derivation of a wave equation governing sound propagation in an arbitrary mean flow (and therefore accounting for mean flow-acoustic interactions) remains a difficult and controversial task in aeroacoustics [8] . Since the sources of noise and the acoustic radiation are computed separately, the computational effort is less critical than in direct sound computations. The sources of noise can be computed by numerical codes with lower-resolution schemes provided that numerical dissipation is carefully controlled [9] and that the acoustic source formulations fulfill true radiation characteristics (dipole, quadripole, etc). Regarding thermoacoustics, and more specifically combustion noise, it has been established that turbulent flames behave like low frequency monopoles [10] . After the different sources have been computed, the sound radiation, due to these sources, is evaluated by solving the wave operator coming from an acoustic analogy equation [4, 5, 11] . Notably, Strahle's formulation of Lighthill's analogy [12] [13] which takes into account the conservation equation of multicomponent reacting flows and Phillips' analogy [14] . Alternative methods include the Linearized Euler equations or its APE formulation [15, 16] . Acoustic analogies are satisfactory for open systems, i.e. when the acoustic fluctuations produced by the source propagate to the infinite and anechoic far-field. Moreover, in these cases, it is relatively easy to distinguish pure acoustics from hydrodynamic pressure fluctuations in the region of interest (farfield): hydrodynamic pressure fluctuations are negligible in the far field since they typically decay at least as the inverse third power of the distance to the sources [17] . Less is known about aeroacoustics in confined domains where acoustic and hydroynamic pressure fluctuations are both present. Interesting developments have been done to account for turbulence-body interaction [18, 19] . More recently, Schram used a modified Curle's analogy combined with a boundary element method (BEM) for evaluating the acoustic field produced by a non-compact turbulent source in a confined domain [20] .
In the field of thermo-acoustics, it seems that no significative work has been done for evaluating the noise produced by confined flames using hybrid approaches. In reactive flows, confined systems might present an important interaction between the flame, the turbulent flow and the walls of the system. However if this interaction is not strongly present, the flame can be assumed independent of the acoustic field generated and acoustic analogies should apply. The general objective of this study is therefore to investigate whether acoustic analogies might be considered for the evaluation of noise in such confined domains.
Combustion noise through Phillips' analogy
The first attempt to include inhomogeneities of the mean flow into the acoustic wave operator is due to Phillips [21] who derived the following expression:
where π is a function of the logarithm of the pressure π = (1/γ) ln(p/p ∞ ). The first term in the RHS is related to the noise created by turbulence. The second term is the monopole source of noise due to the unsteady heat release induced by the flame. The third one is linked to the noise produced by molecular transport whereas the gradient of the viscous tensor appears in the fourth term. Finally, the last term is known as the non-isomolar combustion source of noise.
In order to simplify this equation, one may consider different realistic assumptions in order to evaluate the acoustics for low mach number reactive systems [22] . Therefore, it is stated that
• The pressure level of the oscillations are small compared to the local mean pressure. p /p 0 1.
• The system is nearly isobaric so that p 0 ≈ const.
• The mean flow is small so that the convective terms in the equation are negligible.
As a consequence, the acoustic wave equation for low mach number reacting flows reads
where c 0 , p, γ,q, v, W represent the speed of sound, the pressure, heat capacity ratio, the heat release rate, the velocity vector and the mixture molar weight respectively. The symbols () 0 and () define mean and fluctuating quantities respectively. As it can be noticed in the left hand side of Eq. 2, the speed of sound c is placed inside the divergence operator. This ensures to capture acoustic fluctuations with strong variations of the mean temperature as it occurs close to the flame front.
In the combustion case exposed in this paper, the non-isomolar combustion noise does not play an important role since the reactant mixtures are highly diluted in nitrogen. Further on, the aerodynamic source of noise is considered small with respect to the noise source associated with the perturbation of the heat release rate [23] . The inhomogeneous wave equation then reduces to
3 Description of the acoustic Tool
Under harmonic oscillation assumptions, the pressure fluctuation p and the heat fluctuationq are expressed as follows [24] :
where ω = 2πf . The quantitiesp andq are complex amplitudes which depend on space only and are related by the so called Helmholtz equation :
When solving eq. 6 for pressure, the combustion termq must be either known or modeled. If thermoacoustic eigen modes are sought for,q is considered as a function of the acoustic pressure at some reference position,q =q amp (p, ω) so that eq. 6 is an eigenvalue problem which must be solved by using dedicated numerical methods [25] . On the contrary, when dealing with combustion noise the flame is considered as an autonomous acoustic source that generates combustion noise andq reduces to a fixed forcing term:
For Eq. 7 the mathematical problem to solve is a linear system:
This Linear system is solved by the Generalized Minimum REsidual (GMRES) method. This algorithm was chosen mainly due to its portability, simplicity, flexibility and efficiency . GMRES solves large, sparse and non Hermitian linear systems and belongs to the class of Krylov based iterative methods. This is an important feature that allows using only Matrix-vector products when solving Eq. 8, instead of storing the full matrix A.
The present numerical tool uses a CERFACS implementation of the GMRES algorithm for both real and complex, single and double precision arithmetics suitable for serial, shared memory and distributed memory computers [26] .
Experimental Configuration
Both direct and indirect computations of combustion noise using the above methodology are assessed by comparing with the experiment in a swirled premixed combustor (EC2 combustor) carried out in the laboratory EM2C (École Centrale Paris) [27] [28]. The EC2 combustor consists in two geometrically indentical stages for air-fuel injection, a premixer and a combustion chamber. Air is fed into each stage through a circular manifold in which a swirler is inserted. This swirler has a hollow cylinder with large lateral openings (see Fig. 1a ), through which air is injected in the inner premixer channel. Inside these rectangular openings, four injectors (1 mm diameter) deliver gaseous propane perpendicularly to the air flow. This cross-flow configuration enhances fuel-air mixing. The tangential injections create a strong swirl motion in the D = 30 mm diameter inner channel, which in turn generate a central recirculation zone at the plenum that stabilizes the flame. The flame is controlled by the fuel-air ratio imposed in each of the two stages and is considered premixed and compact. Note that the LES could consider modeling the lines at each stage of both fuel and air as shown in Fig. 1(a) . Nevertheless, important computational costs would arise due to the small grid cells that would be necessary to mesh the fuel lines. Since an homogeneous air-fuel mixing is considered to be achieved before arriving to the reacting zone, the fact of meshing fuel lines far upstream from the flame might be totally unnecesary. Therefore the present LES will only consider the air lines (simplified model shown in Fig. 1b ) in which already a premixed mixture with equivalent ratios φ 1 − φ 2 is accounted for each stage repectively. This configuration features strong combustion instabilities depending on the fuel staging ratio α, defined as the ratio of the fuel massflow in the furthest stage from the chamber (stage 1) to the total fuel injected massflow.
These instabilities are characterized by an important noise radiation due to the intense acoustic levels reached within the chamber and the premixer. The regime in the present study is given in Table 1 . The gas mixture in the plenum is considered as perfectly premixed with a global equivalence ratio of φ g = 0.832. The combustion chamber is made of two quartz windows for flame visualizations, and two refractory concrete plates (top and bottom) which can be equipped either with small quartz windows for Particle Image Velocimetry (PIV) laser measurements or with transducer ports for acoustic measurements. The three PIV planes we are comparing with are shown in Fig. 2 . The combustion chamber and the premixer are also equipped with seven microphones (denoted M1 to M7 in Fig. 2 ) placed at equal distances along the combustor. The spatial discretization in AVBP is based on the finite volume method with a cell-vertex approach, combined to a numerical scheme derived from the Lax-Wendroff scheme. AVBP has been validated/used for a considerable number of configurations. [31, 32, 33] Boundary Conditions in AVBP are treated by the Navier Stokes Characteristic Boundary Conditions (NSCBC) method [34] . This method is already an standard technique to control wave crossing the boundaries [35] [36] [37] . It consists in decomposing the variation of flow variables on boundaries into terms due to ingoing and outgoing waves. While walls are always taken as totally reflecting surfaces (no velocity fluctuations normal to the surface are allowed → u = 0) with a reflection coefficient R = |R|e jθ (|R| = 1 and θ = 0), the same cannot be stated for inlet and oulets. Acoustics of both inlets and outlets is characterized by their acoustic impedance Z = p /(ρ 0 c 0 u · n). Following [37] it is possible to relate this acoustic quantity to the NSCBC parameters and is therefore straighforward to consider in the LES. This procedure was carried out with experimental data provided in [27] [28]. Similar results were obtained when simplified acoustic conditions (u = 0) were applied, proving that acoustic conditions at the inlets are not critical in the present LES study. Classically, outlets to the atmosphere are considered restrictive to pressure fluctuations → p = 0 (|R| = 1 and θ = π). It is though preferred to extend the computational domain to some region of the atmosphere after the burner outlet. By doing so, the true impedance of the outlet is implicitely accounted for.
Two different meshes were used to compute the flow and flame dynamics of the EC2 combustor. The 'coarse' mesh has 3 millions of cells whereas the 'refined' mesh is made of 10 million cells. The quality of the two LES performed is evaluated through Pope's criterion [38] . The smagorinsky filter and the grid resolution for both cases should be sufficient to resolve at least 80 % of the energy remote from the wall. The ratio of the resolved turbulent kinetic energy k f with respect to the modeled turbulent kinetic energy k sgs is then quantified.
where
and () stands for the LES filter. Figure 3 demonstrates that, for both LES cases, Q LES is greater than 0.8 for almost the entire computational domain excepting regions near walls. The premixer turbulence is however better captured by the 'refined' mesh. It is well known that extremely high computational costs arise when a proper LES on boundary layers is sought. Nevertheless, boundary layers are assumed to little contribute to noise radiaton/scattering of turbulent flames. A high resolution in regions near walls is therefore not considered. Both meshes are found to reproduce the mean PIV very well. This can be observed in Fig. 4 . Both LES succeed in predicting the central recirculation zone satisfactorily. The LES on the 'refined' mesh is however more accurate for the outer region, particularly for the radial velocity. The fluctuating velocity field is characterized by rms profiles. Figure 5 shows that on the 'coarse' mesh a high overprediction of velocity fluctuations is obtained in both axial and radial components. On the fine grid however the LES clearly recovers the experimental velocity fluctuating field. Acoustics and flame dynamics of the system represented by the heat release are, on the contrary, more difficult to evaluate than the mean and fluctuating velocity field. The mean value of heat release is similar in both LES and is close to the 40kW experimental thermal power, as can be observed in Fig. 6(a) . Different values in the variations of heat release are however obtained for each LES. Strong and more regular fluctuations of heat release are obtained with the 'coarse' mesh while smaller and less periodic fluctuations are given by the 'refined' mesh computation. It is likely that the coarser mesh does not capture enough small turbulent scales and trigger too large turbulent eddies. These large coherent structures might clearly have an influence on the flame dynamics and thus in the large fluctuations of heat release. The value of the rate of change of heat release integrated over the whole volume of the combustor has also been computed for the two different meshes and is shown in Fig. 6(b) . On the finer mesh a quieter flame is modeled, considering the smaller values of rate of change of heat release compared to those obtained from the coarse mesh. As a consequence, smaller rms pressure values should be expected on the finer mesh. Acoustics in the chamber is rather characterized by the Sound Pressure Level (SPL) at a given point than rms values of the pressure. Figure 7 compares the SPL values at the microphone 7 (see the location of M 7 in Fig. 2 ) of the computations on the refined and coarse meshes to the experimental measurements. Both LES clearly overestimate the sound levels with a significant improve on the finer. It is then found that in order to correctly evaluate the dynamics of a flame and the acoustics generated by this one it is not enough to satisfactorily model the fluctuating velocity field as shown in Figs. 4 and 5. As stated before, computing acoustic pressure fluctuations is very challenging since these values are very small compared to the aerodynamic fields. Several additional phenomena can play an important role.
First, the performed LES assume a perfect premixed mixture of air and fuel in the reactive region. This assumption might be a misinterpretation of reality. Small pockets of propane-air presenting an equivalent ratio different for φ g may reach the flame influencing its dynamics and as a consequence the radiated sound. Secondly, perfect adiabatic walls were considered in the present LES. In [41] it was shown that accounting for heat transfer leads to a reduction in the SPL. Some computations, not shown here, were performed considering heat transfer by modeling approximate heat loss coefficients (as done in [41] ). No significative changes on the radiated noise were observed. Nevertheless, heat transfer might still be modeled too aproximatively knowing that exact values of heat transfer coefficients are extremely difficult to be obtained experimentally. A proper simulation of conjugate heat transfer including convection, conduction and radiation might be important at some level for noise modeling in turbulent flames, but presently remains too cumbersome. Thirdly, resolution of the computation (mesh refinement and order of the numerical scheme) is clearly significant. High grid resolutions in the reactive region not only means a smaller influence of the combustion model but also to be able to account for the smallest turbulent structures present in the shear layer that might influence the coherence of the bigger scales and thus the global turbulent interaction with the flame. At last but not the least, another explanation lies in the experimental data. Measuring acoustics in a confined combustion chamber is only reliable when acoustic leakages are proved to be controlled. This is, anyway, a difficult task. It has been found by the concerned EC2 experimentalists that acoustic leakages are still not totally well managed. As a result, wrong evaluations of pressure fluctuations may arise.
Hybrid approach
The acoustic outputs from both direct and hybrid approaches are compared for the 10 million cells mesh independently of experimental data. As sketched in Fig. 8 , hydrodynamic pressure fluctuations are assumed to be small when considering results from the direct approach. Therefore, the acoustic field resulting from the hybrid approach is directly compared to the pressure fluctuation field coming from direct computations.
The hybrid computation accounts for two steps. First, the source of combustion noise is computed by postprocessing the data obtained from the LES computation (instantaneous heat release rate in addition to mean flow parameters taken from the 10 million cells numerical results). Secondly, the simplified Phillips equation written in the zero Mach number limit given by Eq. 7 is solved in the frequency domain. Overall good agreement is found between both direct and hybrid approaches in Fig. 9 which shows the sound pressure levels obtained by microphones 5 and 7 (see the location of M 5, M 7 in Fig. 1 ). It is interesting to notice that the hybrid computation manages to recover not only the magnitude of the acoustic pressure over almost all the spectrum, but also the shape of the acoustic waves. Figure  10 shows the strongest acoustic wave, the quarter wave mode, that resonates at 377 Hz. The pressure fluctuations along the axis of the combustor at different times within a cycle are observed. As both methods yield the same envelope of variations at this frequency, the pressure fluctuation recovered by the direct computation can be seen as almost completely caused by acoustics.
In Fig. 9 some zones of the spectrum still show important gaps between hybrid and direct computations. For example in Fig. 11 two different types of pressure waves are observed at microphone 5 for the direct and hybrid computations in the region around 1000 Hz. Whereas a pure acoustic standing wave is obtained by the hybrid approach, a perturbed pressure wave is obtained in the direct computation results. A pure standing acoustic wave can naturally have an acoustic pressure node. If this pressure node is present close to the region of the measurement device a low value of pressure fluctuation will be obtained. This is what happens for microphone 5 in the zone close to 1000 Hz ( fig. 11a) . Obviously, when the pressure fluctuations not only contain acoustics but also hydrodynamic perturbations as in the direct computations (Fig. 11b) , no pressure node can be observed and the resulting SPL is much higher than in the hybrid computation case. Similar conclusions can be drawn at very low frequencies (before the peak at 377 Hz) where the significant hydrodynamic contribution in the direct computation triggers higher pressure fluctuations. 
Conclusions
Combustion noise of a premixed swirled combustor has been assessed by two different numerical approaches: a direct computation in which the noise produced by the flame is calculated together with the flow and flame dynamics, and a hybrid computation in which the acoustic field is evaluated from the sources of noise in a separate step.
Classical comparisons between mean and fluctuating (rms) velocity fields were performed between two LES on a 'coarse' mesh grid (3 million cells) and a 'refined' mesh grid (10 million cells), and PIV measurements. Mean velocity fields (axial and radial) were well predicted by both LES cases, whereas only the 'refined' mesh succeed in recovering the proper rms velocity fields. It was then observed that satisfactorily predicting the velocity fluctuating field does not mean to reproduce correct flame dynamics and heat release. On the one hand, the mean heat release corresponding to the experimental thermal power is well captured by both LES. On the other hand, significative differences are found between the two simulations on the shape of the instantaneous heat release and its rate of change. As a consequence, a right estimate of the combustion noise radiation is not yet well obtained. Several phenomena might be the cause of such a misprediction. A lack in numerical resolution can be one possible explanation: computing the small turbulent length scales in the shear flow region might be significant since these eddies might have a non-negligible influence on the flame dynamics and, as a consequence, on the noise prediction simulations. A higher grid resolution in the flame region also decreases the influence of the combustion model, which might have a certain effect when computing the values of rate of change of heat release. Moreover, an accurate prediction of heat transfer might also be a crucial factor, and exact modeling of convection, conduction and radiation might be important in combustion noise modeling.
The output from the hybrid computation is a pure acoustic field due to the turbulent flame. Good agreement is found in almost the entire SPL spectrum when comparing the results of both direct and hybrid computations. Nevertheless, there are still some differences in specific zones of the spectrum.
Hybrid computation results only consider pure acoustic waves, and at given frequencies these pure acoustic waves may present acoustic nodes that may take place close to the acoustic sensor position. This leads to a low fluctuation of pressure at this position and hence, to a low value of the SPL spectrum at these frequencies. At low frequencies, the pressure fluctuations coming from the direct approach are most likely caused not only by acoustics but also by hydrodynamic fluctuations which then leads to higher sound pressure levels than the hybrid approach.
